Marek's disease virus (MDV) encodes an ubiquitin-specific protease (USP) within its UL36 gene. USP is highly conserved among herpesviruses and was shown to be important for MDV replication and pathogenesis in MDV's natural host, the chicken. To further investigate the role of MDV USP, several recombinant (r) MDVs were generated and their in vitro phenotypes were evaluated using plaque size and growth kinetics assays. We discovered that the N-terminus of pUL36 is essential for MDV replication and could not be complemented by ectopic expression of MDV USP. In addition, we demonstrated that the region located between the conserved glutamine (Q85) and leucine (L106) residues comprising the active site cysteine (C98) is also essential for MDV replication. Based on the analyses of the rMDVs generated here, we concluded that MDV USP likely contributes to the structure and/or stability of pUL36 and affects replication and oncogenesis of MDV beyond its enzymatic activity.
Introduction
The ubiquitin (Ub)-proteasome pathway is a key regulator of many physiological processes in eukaryotic cells (Komander et al., 2009; Pickart and Eddins, 2004) , including cell-cycle regulation, stress response, DNA repair, immune responses, signal transduction, transcriptional regulation, endocytosis, and vesicle trafficking (Bolstad et al., 2011; Chau et al., 1989; Costa and Paulson, 2011; Glickman and Ciechanover, 2002) . Post-translational modification and degradation of proteins via Ub-proteasome pathway requires three components; ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases (E3) that facilitate the conjugation of Ub to targeted proteins (Glickman and Ciechanover, 2002) . Furthermore, Ub can be released from its covalent isopeptide bond from proteins by deubiquitinases (DUBs), which prevents degradation of the protein by proteasomal or lysosomal pathways. DUBs can also affect the cellular localization of proteins by Ub chain modification (Bucks et al., 2007; Chau et al., 1989) , are both substrate-and Ub chain-specific, and contribute to Ub homeostasis by Ub chain recycling (Chau et al., 1989; Nijman et al., 2005) . Five DUB classes have been identified so far based on the characteristic of the catalytic domain, with four classes being cysteine proteases and one class of metalloproteases (Cardone et al., 2012; Chau et al., 1989; Clinton et al., 2010) . The Ub-specific cysteine proteases (USPs) are the most numerous class, with more than 50 members encoded in the human genome (Colleaux et al., 1986) . Due to its importance, the Ub-proteasome pathway is targeted by many viruses, which express proteins that either tag cellular proteins for degradation or encode their own Ub-proteasome pathway components (Bolstad et al., 2011; Isaacson and Ploegh, 2009 ).
Marek's disease is a serious illness of poultry worldwide that is caused by Marek's disease virus (MDV, Gallid herpesvirus type 2, GaHV-2), a member of the Mardivirus genus within the Alphaherpesvirinae subfamily (Davison et al., 2009 ). Marek's disease was originally described by Jó zsef Marek in 1907 as a sporadic chronic polyneuritis , but has evolved into a deadly and highly transmissible disease that causes disseminated visceral T cell lymphomas and neurological signs in infected animals (Jarosinski et al., 2006; Michael et al., 2006; Osterrieder et al., 2006 ). Marek's disease is an excellent model for studying herpesvirus pathogenesis and gene function in vivo, as the chicken is the natural host of MDV . Several MDVencoded genes related to oncogenesis have so far been identified, such as the major oncogene meq that is directly involved in transformation (Jones et al., 1992; Lupiani et al., 2004) and the viral telomerase RNA that performs an auxiliary function in cancer by stabilizing telomeres of transformed cells (Fragnet Kaufer et al., 2010a Kaufer et al., , 2010b . MDV also encodes an USP as part of the N-terminus the large tegument pUL36. Mutation of the cysteine residue to alanine (C98A) in the active site abrogated DUB activity and led to a mild decrease of lytic replication in vitro and severe impairment of tumorigenesis in chickens (Jarosinski et al., 2007a) .
The MDV-encoded USP belongs to the highly conserved herpesvirus tegument USPs family, whose first member was discovered in herpes simplex virus type 1 (HSV-1, human herpesvirus type 1, HHV-1) as part of the N-terminus of its major tegument protein VP1/2, encoded by UL36 . HSV-1 USP is expressed independently of VP1/2 as a $ 47 KDa protein, can be detected as early as 12 h post-infection (pi) and is specific for K48 and K63 polyubiquitin chains (Bolstad et al., 2011; Kattenhorn et al., 2005; Kim et al., 2009) . USPs are encoded as part of the major tegument protein by all known herpesviruses ( Fig. 1 ) and share no sequence and structural homology to other eukaryotic USPs Schlieker et al., 2007) . Their properties have been analyzed in several members of the order Herpesvirales besides HSV-1 and MDV (Jarosinski et al., 2007a) : the alphaherpesviruses pseudorabies virus (PRV, Suid herpesvirus type 1, SuHV-1) (Bottcher et al., 2008) ; the betaherpesviruses human cytomegalovirus (HCMV, HHV-5) (Wang et al., 2006) , murine cytomegalovirus (MCMV, Murid herpesvirus 1, MuHV-1) (Schlieker et al., 2007) and simian cytomegalovirus (SCMV, Cercopithecine herpesvirus 5, CeHV-5) (Wang et al., 2006) and the gammaherpesviruses Epstein-Barr virus (EBV, HHV-4) (Schlieker et al., 2005 ), Kaposi's sarcomaassociated virus (KSHV, HHV-8) (Gonzalez et al., 2009 ) and mouse herpesvirus strain 68 (MHV-68, Murid herpesvirus type 4, MuHV-4) (Gredmark-Russ et al., 2009 ). All studied herpesvirus USPs have high specificity for (Ub chains, but not for the Ub-like molecules SUMO1 or ISG15 Schlieker et al., 2005) . In addition, USPs encoded by EBV, KSHV, HSV-1 and MCMV also interact with the Ub-like molecule NEDD8, which has high sequence identity to Ub (Gastaldello et al., 2012 (Gastaldello et al., , 2010 . Mutation of the conserved cysteine residue of USPs in most herpesviruses so far studied results in impaired viral replication in vitro, with the exception of HSV-1, in which this mutation abrogates enzymatic activity , but does not affect HSV-1 replication in terms of plaque size assays and growth kinetics (Bolstad et al., 2011) . Furthermore, several USPs including MDV USP have been shown to play an important role in virus pathogenesis. In the absence of USP activity, PRV is deficient for neuroinvasion properties in the mouse model system (Bottcher et al., 2008) , while MHV-68 USP mutants are not able to establish a persistent infection in intraperitoneal infected C57/BL6 mice (Gredmark-Russ et al., 2009).
Despite the drastic reduction in MDV-induced tumorigenesis in the absence of USP activity, the exact role(s) of the protease in MDV replication and tumorigenesis has remained unknown. In order to investigate the roles of MDV USP in virus replication and oncogenesis, we generated a panel of recombinant (r) MDVs and investigated their replication properties and pathogenesis in infected chickens. We could demonstrate that the N-terminus of MDV pUL36, as well as the region within the N-terminus encompassing the catalytic domain of USP, is essential for MDV replication, suggesting that it plays an important structural role at the N-terminal portion of the UL36 protein. However, it still remains uncertain as to why MDV tumorigenesis is impaired in the absence of a functional USP.
Results
The N-terminus of pUL36 is essential for MDV replication
We previously demonstrated the USP in MDV is encoded in the 322 N-terminal amino acid (aa) residues of pUL36, with the conserved cysteine at position 98 (C98) being essential for DUB activity (Jarosinski et al., 2007a) (Fig. 1) . To determine whether USP sequence at the N-terminus of pUL36 is essential for viral replication, we deleted the complete USP coding sequence (rDUSP) in the infectious bacterial artificial chromosome (BAC) clone of the highly oncogenic RB-1B strain (pRB-1B) (Jarosinski et al., 2007b; Petherbridge et al., 2003) . In addition, a revertant (rDUSP-rev) was generated in which the USP sequence was restored. Following reconstitution of the viruses (v) by transfection of rMDV BAC DNA into chicken embryo cells (CECs), we observed that vDUSP was unable to replicate in vitro, since only individually infected cells were detected. In contrast, vDUSP-rev replicated comparable to parental vRB-1B in plaque size assays (Fig. 2B ). Our data suggested that the N-terminal region of the major tegument protein UL36 is essential for MDV replication, since USP activity itself is not required for virus replication (Jarosinski et al., 2007a) .
Ectopically-expressed USP does not restore replication or oncogenicity of vC98A
We previously demonstrated that rMDV with mutation of the conserved cysteine in the active site (vC98A) was severely impaired in its ability to induce lymphomas (Jarosinski et al., 2007a) . However, it remained unclear whether MDV USP is required to be part of pUL36 to fulfill its functions in MDV replication and tumorigenesis. To address this question, we ectopically expressed a codon-optimized synthetic USP (SynUSP) to avoid unwanted homologous recombination during insertion into the MDV genome. In addition to SynUSP, an HA tag was included at the C-terminus (SynUSP.HA). SynUSP.HA was first introduced at the 5 0 end of UL36 in rC98A to generate (rC98A-SynUSP.HA). rC98A-SynUSP.HA expressed SynUSP under the control of the UL36 promoter and contained two stop codons following the synthetic sequence, which separated SynUSP from the rest of the UL36 open reading frame (Fig. 3A) . Reconstitution of rC98A-SynUSP.HA (vC98A-SynUSP.HA) resulted in viable virus and SynUSP.HA expression could be detected both by western blot and immunofluorescence (IF) assays (Supplemental Fig. 1 ). Plaque size assays showed that vC98A-SynUSP.HA replicated comparable to vC98A, but had a significant growth defect compared to parental vRB-1B, suggesting that ectopic expression of SynUSP.HA at the 5 0 end of UL36 does not complement DUB activity of vC98A (Fig. 3B) .
To determine whether ectopic expression of SynUSP had an effect on MDV pathogenesis, we infected one day old chickens with vRB-1B, vC98A and two independent clones of vC98A-SynUSP.HA (clones 1 and 2) and measured in vivo replication and tumorigenesis. Replication of vC98A-SynUSP.HA in infected chickens was significantly reduced when compared to vRB-1B ( Fig. 4A ) and was comparable to vC98A. Lymphomagenesis of both vC98A-SynUSP.HA independent clones was severely impaired compared to vRB-1B and was comparable to vC98A (Fig. 4B ). Our results demonstrate that ectopic expression of USP, as a separate protein outside the context of pUL36, was unable to restore efficient MDV replication and tumorigenesis of vC98A, a virus lacking DUB activity.
There are a number of possible explanations for the observation that SynUSP.HA was expressed in cells infected with vC98A-SynUSP.HA, but did not restore replication of the C98A mutant virus. First, insertion of SynUSP.HA upstream of the UL36 translation start codon could have an effect on pUL36 expression. Second, the presence of the C-terminal HA tag on SynUSP could affect the enzymatic function of SynUSP. We were unable to address the expression of UL36 as no specific antibodies for MDV pUL36 are available. Therefore, we inserted an internal ribosome entry sequence (IRES) element between the SynUSP and pUL36 to create rC98A-IRES.SynUSP.HA (Fig. 5A ) with the hope of facilitating more efficient translation of pUL36. To address the question of whether the HA-tag impaired the enzymatic function of USP, we removed the HA tag from rC98A-SynUSP.HA to generate rC98A-SynUSP. Both rMDVs were reconstituted and plaque size assays showed that insertion of the IRES did not improve viral replication (Fig. 5B) . In contrast, HA removal resulted in slightly increased plaque sizes, although this did not completely restore replication to vRB-1B levels (Mann-Whitney U test, p 40.05). Taken together, this data supports the hypothesis that the reduced replication of vC98A-SynUSP.HA is the result of the absence of an active USP embedded within the N-terminus of pUL36.
The nucleotide sequence of USP is not important for replication in vitro
Since removal of the complete USP sequence resulted in nonviable virus, we tested whether the nucleotide sequence of MDV USP was important for MDV replication by replacing the wildtype USP sequence with the SynUSP sequence (rSynUSP.link) as well as generated a revertant virus (vSynUSP.link-rev) (Fig. 6A) . Following reconstitution of the recombinant viruses in CECs, vSynUSP.link replicated with kinetics that were comparable to parental and revertant viruses based on multi-step growth kinetics assays ( Fig. 6B ; Kruskal-Wallis test, p 40.05); however, plaque sizes were significantly different (Fig. 6C) . In all, these data suggest the exact USP base pair sequence is most likely not important for MDV replication.
The USP cysteine box is required for viral replication Herpesvirus USPs encode a highly conserved region called the cysteine (Cys) box that encompasses the active site cysteine (C98) and is located between a glutamine (Q85) and a leucine (L106) residue. To determine the role of the Cys box in MDV replication in vitro, we deleted the 22 aa from the conserved Q85 to L106 residues in pRB-1B (rDCysBox) and also generated a revertant virus (rDCysBox-rev) (Fig. 7A) . Following reconstitution of rMDVs in CECs, we observed that rDCysBox was unable to replicate in vitro as only individually infected cells were detected. In contrast, rDCysBox-rev replicated comparable to parental vRB-1B in plaque size assays (Fig. 7B) . Since abrogation of USP activity still results in viable virus, our data suggest that cysteine box of USP possesses either functions beyond DUB activity or has a structural role at the N-terminus of pUL36.
Discussion
In recent years, herpesvirus tegument USPs have garnered much interest, not only due to their function in virus replication and pathogenesis, but also as possible targets for antiviral therapy (Schlieker et al., 2007) . So far it remains unclear whether herpesvirus tegument USPs are usually cleaved from the large tegument protein, expressed as a separate protein, or perform their major functions in the context of the protein. HSV-1 USP has been shown to be expressed independently and as a post-translationally cleaved form of pUL36, both of which have DUB activity (Wang et al., 2006) . Mutation of the cysteine to alanine in the active site of HSV-1 USP does not affect viral replication (Bolstad et al., 2011) . For HCMV, both the noncleaved form and a $ 38 kDa catalytic fragment were found to interact with an HA-tagged Ub-vinylmethyl esther (HAUbVME) DUB detection probe, previously used for identification of other USPs Schlieker et al., 2005) and structural studies (Schlieker et al., 2007) . In the case of SCMV, only the uncleaved active form of the large tegument protein was found to bind HAUbVME (Wang et al., 2006) . In addition, a 325 aa Nterminal fragment of EBV BPLF1 transfected in HeLa cells could actively cleave both Ub and NEDD8 bounded to green fluorescent protein (Gastaldello et al., 2012 (Gastaldello et al., , 2010 . Taken together, these observations indicate that some herpesvirus tegument USPs can be expressed independently from the large tegument protein in all herpesviruses subfamilies.
It was initially thought that USPs play a role in the protection of viral and cellular proteins from degradation by the proteasome Komander et al., 2009 ) and considerable efforts have been devoted to discover interaction partners (Bolstad et al., 2011; Gastaldello et al., 2010; Schat et al., 1981; Whitehurst et al., 2009 ). Furthermore, affinity of herpesvirus USPs for certain Ub chains has been addressed; however, data on the chain specificity is generally controversial (Bolstad et al., 2011; Kattenhorn et al., 2005; Kim et al., 2009; Schlieker et al., 2007; Wang et al., 2006) . Many herpesvirus USP substrates have been identified for gammaherpesviruses. BPLF1 of EBV was found to interact with the viral-encoded ribonucleotide reductase (Whitehurst et al., 2009 ). BPLF1 also acts as a deneddylase and interferes with cullin-RING E3 ligases neddylation cycle by inhibition of the Cullin-associated NEDD8-dissociated protein 1 (CAND1), which leads to cell cycle arrest in S phase that is favorable for viral replication (Gastaldello et al., 2012 (Gastaldello et al., , 2010 . More recently, BPLF1 was also found to deubiquitinate the cellular proliferating cell nuclear antigen (PCNA), which is essential for recruitment of the specialized translesion polymerases upon DNA damage (Whitehurst et al., 2012) . These studies indicate that the USP encoded by EBV is involved, not only in multiple steps of virus replication, but can also eventually hinder DNA repair mechanisms. Studies performed with HSV-1-encoded USP and MCMV-M48 indicate that deneddylase activity and S-phase deregulation are common for herpesvirus USPs (Gastaldello et al., 2012 (Gastaldello et al., , 2010 . The KSHV USP, encoded by ORF64, down-regulates RIG-I-mediated signaling by decreasing RIG-I activation (Schat et al., 1981) , which was interpreted such that USPs can contribute to avoidance of cellular immune responses during viral infection. A recent report showed that HSV-1 USP plays an important role in stabilizing pUL36 (Bolstad et al., 2011) , which also seems to be the case for the PRV pUL36 ortholog (Nicholas Huffmaster and Gregory Smith, personal communication). HSV-1 USP was also recently described to interact with TSG101 in HSV-1, thereby interfering with multivesicular body (MVB) formation and, consequently, viral envelopment and budding (Caduco et al., 2013) .
Regarding MDV USP, no interaction partners have been identified so far. The only published report on MDV USP showed that abrogation of USP activity by the mutation of the cysteine in the active DUB site (vC98A) had severe impact on viral pathogenesis (Jarosinski et al., 2007a) . One explanation for this phenotype is that MDV USP could deregulate the cell cycle by deubiquitination of cellular and/or viral proteins, thereby protecting them from proteasome degradation; therefore vC98A is unable to evade the proteasome. Our report here clearly shows that the removal of the N-terminal 322 aa from the pUL36 (DUSP) was lethal for virus replication (Fig. 2) . Similarly, removal of only 22 aa encoding the USP cysteine box of the 3358 aa long pUL36 of MDV also had a lethal effect on virus replication (Fig. 7) . The fact that deletion of the complete USP region (322 aa) or the USP cysteine box (22 aa) within pUL36 are essential for virus replication, whereas an enzymatically inactive DUB still allows virus replication suggests a structural, rather than enzymatic, role of USP in MDV replication. Although we currently cannot formally prove this to be the case, we surmise that the USP domain is a functional part of pUL36 and may play a role in virus assembly (tegumentation) or virus entry and egress, as described for HSV-1 (Desai, 2000; Roberts et al., 2009 ) and PRV (Bottcher et al., 2008) . Based on the results presented here, we concluded that the N-terminus of pUL36 containing USP is essential for MDV replication and that its importance in this role is likely tied to acting directly on the pUL36 of MDV, similarly to what has been described for HSV-1 USP (Bolstad et al., 2011) . Unfortunately, it was not possible to determine whether pUL36 is correctly expressed in vC98A-SynUSP.HA due to the lack of specific MDV pUL36 antibodies. Furthermore, it is currently not possible to investigate the functional role of MDV USP during transformation as alterations in the USP region severely affect MDV replication (Jarosinski et al., 2007a) . Our strategy of complementing USP function by ectopically expressing SynUSP did not result in restoration of tumorigenesis (Fig. 4) ; therefore, the exact role of MDV USP in tumorigenesis is still unclear at this time. Intriguingly, replacement of MDV USP at the N-terminus of the UL36 gene by SynUSP resulted in a virus with replication properties comparable to parental vRB-1B and revertant viruses, suggesting that USP is required as an integral part of pUL36. It is possible that the proper function of USP requires proper localization that pUL36 provides as there are no predicted nuclear localization (NLS) or nuclear export (NES) signals in the USP sequence. In future experiments, it will be important to determine if ectopic expression of SynUSP results in co-localization with full-length pUL36. Unfortunately, all attempts to generate anti-MDV pUL36 antibodies have failed so far. In conclusion, this report further defines the importance of the N-terminus of MDV pUL36 for virus replication with four important findings. First, we could demonstrate that N-terminal 322 aa is essential for MDV replication. Second, ectopic expression of a synthetic USP did not restore virus replication in a replicationdefective virus, suggesting that MDV USP requires being an integral part of the pUL36 large tegument protein. Third, the nucleotide sequence of USP is not important for virus replication.
Fourth, we could demonstrate that the cysteine box encompassing a 22 aa region of MDV USP is also essential for replication in vitro, underlining the role of USP at the N-terminus of pUL36.
Material and methods

Cells and viruses
Primary CECs and chick kidney cell (CKC) cultures were prepared from specific pathogen-free (SPF) eggs or chickens using standard methods (Schat KA, 1998) . Cells were grown in minimal essential medium supplemented with 5% fetal calf serum (FCS) and 1% penicillin/streptomycin at 37 1C in a 5% CO 2 atmosphere. rMDVs were reconstituted in CECs by calcium phosphate transfection of BAC DNA as described previously (Sambrook, 2001 ) and propagated in either CECs or CKCs.
Generation of rMDVs
USP mutant viruses were generated based on the spread competent pRB-1B (Jarosinski et al., 2007b) , an infections BAC clone of the very virulent RB-1B strain (Petherbridge et al., 2003) by two-step red-mediated recombination in GS1783 Escherichia coli as previously described (Tischer et al., 2010 . rMDV BAC clones were analyzed by PCR, restriction fragment length polymorphism (RFLP) analysis, and DNA sequencing. Primers used for generation of transfer plasmids, mutagenesis and sequencing are shown in Table 1 . For generation of rMDVs with deletions (rDUSP, rDCysBox, rC98A-SynUSP, rSynUSP.link), PCR products were amplified from pEPkan-S as described (Jarosinski et al., 2007b) using the corresponding primers (Table 1) . For rDUSP, the Nterminal 966 bp of MDV UL36 gene was removed (Jarosinski et al., 2007a) . For rDCysBox generation, the 66 bp (22 aa) from glutamine 85 (Q85) to leucine 106 (L106) including cysteine (C98) in the active site were removed . Furthermore, the HA-tag was removed from rSynUSP.HAlink and rC98A-SynUSP.HA, resulting in rSynUSP.link and rC98A-SynUSP, respectively.
For the insertion of ectopically expressed SynUSP in rMDVs, a transfer plasmid was generated, as previously described . Briefly, codon-optimized, C-terminal HA-tagged synthetic USP (SynUSP.HA) was obtained from GeneArt s Gene Synthesis (Regensburg, Germany) in the pGA4 vector (pGA4-SynUSP.HA). The aphAI and I-SceI restriction site were amplified from pEPKan-S and inserted into the unique BglII site of pGA4-SynUSP.HA to generate the transfer plasmid pSynUSP.HA. For the generation rC98A-IRES.SynUSP.HA, a transfer plasmid, named pBS II KS(þ ) IRES2-K-eGFP, was used as a template for amplification of the IRES-aphAI/I-SceI cassette. Briefly, the encephalomyocarditis virus IRES-eGFP fragment from pCeMM-CTAP (SG) (Burckstummer et al., 2006; Naviaux et al., 1996) was inserted into pBS II KS( þ) (Stratagene, La Jolla, CA) using PmlI and NaeI restriction enzymes. Next, the aphAI-I-SceI cassette was amplified from pEPkan-SII using primers in Table 1 and inserted using the unique AvrII restriction site within the IRES. Specific primers were used to amplify the IRES-aphAI-I-SceI cassette from pBS II KS(þ) IRES2-K-eGFP to insert the IRES sequence upstream of the UL36 ORF.
For the generation of revertant viruses (rSynUSP.link-rev, rDUSP-rev, DCysBox-rev), transfer plasmid pMDV USP was generated as described previously . Briefly, wildtype MDV USP was cloned into pGex-6p-1 (GE Healthcare, Little Chalfont, UK) and the aphAI/I-SceI cassette was cloned from pEPKan-S into a unique EcoRI restriction site.
Indirect immunofluorescence (IF) and plaque size assays
Plaque size assays were performed as described previously (Inn et al., 2011) . One-hundred plaque forming units (PFU) viruses were co-seeded in 3 wells of a 6-well plate with 1 Â 10 6 primary CECs or CKCs. After six days, cells were fixed with 90% ice-cold acetone for 10 min at À 20 1C and air-dried. For non-viable rMDV, 1 Â 10 6 primary CECs were transfected with BAC DNA using the calcium phosphate method and plaques fixed after six days post transfection. Standard IF assays were performed using polyclonal anti-MDV chicken serum and anti-chicken IgY Alexa 488 (Invitrogen Inc., Carlsbad CA, USA),both diluted in blocking solution (3% FCS in PBS). Images of at least 60 individual plaques from each virus were collected. For non-viable virus, at least 20 individually infected cells were evaluated post transfection. Images were recorded using an Axio-Observer Z1 fluorescence microscope (Zeiss, Jena, Germany) at 100 Â magnification and relative plaque areas were measured using NIH Image J 1.410 software (Abramoff et al., 2004) . All plaque areas were compared to wild-type virus plaque areas. Data were displayed in graph form using GraphPad Prism (GraphPad Software, Inc., La Jolla CA, USA) and SPSS (IBM, Armonk NY, USA) was used for statistical analyses. All experiments described above were performed at least three times independently.
Multi-step growth kinetics assays
One million primary CECs were infected with 100 PFU viruses, trypsinized at 24 h intervals for 6 days and titrated in primary CECs. After six days post-titration, plaques were stained by IF and number of plaques determined. Whole blood was collected by wing-vein puncture as previously described (Jarosinski et al., 2007b ) from ten birds per group at 4, 7, 10, 14, 21, 28 and 35 days pi. Chickens were evaluated twice daily for clinical signs of disease and euthanized as soon as symptoms became apparent. At 13 weeks pi, the experiment was terminated and necropsies were performed on all remaining birds.
Quantitative PCR (qPCR) analysis DNA was extracted from chicken whole blood and MDV genomic copies measured using qPCR assays as described previously (Jarosinski et al., 2007a (Jarosinski et al., , 2007b (Jarosinski et al., , 2005 . Briefly, MDV genome copies were determined using primers and probe specific for the MDV-infected cell protein 4 gene and normalized against the cellular inducible nitric oxide synthase gene. qPCR reactions were performed in an ABI Prism 7500 Fast Real-time PCR system (Applied Biosystems, Carlsbad CA, USA). 
